Australian passive margins display a large variety of styles, including narrow, wide, volcanic and nonvolcanic margins. Their tectonic history has been complicated by tectonic reactivation and anomalous subsidence/uplift, widespread at various times during the post-rift phase. Defining the exact location of the boundary between continental and oceanic crust is of key importance to understanding the structure and evolution of continental passive margins. Here, we review the history of Australian passive margins and the location of the continent-ocean boundary, and we assess riftrelated magmatism and anomalous post-rift subsidence based on recently acquired seismic-reflection data, available industry well data, and current tectonic models for margin evolution. Tectonic subsidence and strain-rate analysis of well data from the largely volcanic North West Shelf and the non-volcanic inner South Australian Bight margin result in relatively small lithospheric stretching factors (ß <1.3). Crustal thinning estimates from seismic reflection and refraction data indicate extension factors of ß~3-4 for the wide outer Bight margin. A lack of correlation between lithospheric strain rates and stretching factors with the occurrence or absence of syn-rift volcanics on the North West Shelf indicates that elevated mantle temperatures were the primary control for rift-volcanism, rather than high temperature gradients and small-scale convection created by large lateral variations in stretching or stretching rates. We find that phases of uplift and permanent, anomalous subsidence in the early post-rift phase are common, especially on the North West Shelf. This may be attributed to small-scale convection triggered by passive stretching leading to an unstable lithospheric configuration.
INTRODUCTION
Margin evolution and plate-reconstruction models require a well-resolved continent-ocean boundary (COB), in order to estimate the amount of continental extension, geometry of breakup, and the pre-rift fit of conjugate margins. This in turn has economic significance for tectonic and sedimentary basin models used for petroleum exploration, and for identifying marine economic jurisdiction zones like the Australian Exclusive Economic Zone. It has recently become an important legal issue for Australia in the frame of the revised UN Convention on the Law of the Sea. For these reasons, we review the location of the COB around the western, southern and southeastern Australian margins, in particular highlighting areas where questions remain in terms of its location. We aim to complement two previous studies on the architecture of the Australian continental margin (Stagg et al. 1999) and adjacent ocean basins (Müller et al. 2000) . As an introduction we briefly describe the geotectonic setting of the Australian continental margin, its marginal plateaus and adjacent ocean basins and discuss the application of common geophysical techniques to locate the COB. We then evaluate recent divergent margin evolution models (e.g. volcanic and non-volcanic) and associated COB characteristics, in terms of the broad-scale attributes of Australian divergent margin segments. We use key seismic transects around the Australian margin to provide examples to identify the location and character of the COB, and areas where questions remain, such as the volcanic Wallaby Plateau/Bernier Platform and the non-volcanic Bight Basin. Following this we use subsidence data to assess the riftrelated magmatic setting at both volcanic and non-volcanic segments along the Australian margin, and the occurrence of anomalous post-rift subsidence.
Australia's continental margin area is the third largest in the world after Canada and Russia, and it is comparable in area to the Australian landmass (Stagg et al. 1999) . The Australian continent is bounded by divergent ocean margins on its western, southern and eastern margins, and a convergent margin to the north. The main economic and political significance of locating the COB is at Australia's divergent margins, where the boundary represents the edge of a continental margin adjacent to oceanic crust. These margins formed with the dispersal of eastern Gondwanaland and subsequent sea-floor spreading ( Figure  1 ). Continental breakup and sea-floor spreading propaGeol. Soc. Australia Spec. Publ. 22, and Geol. Soc. America Spec. Pap. 372 (2003) , Formation and evolution of Australian passive margins: implications for locating the boundary between continental and oceanic crust gated anticlockwise around Australia over time (Veevers 2000) . The separation between Greater India and Western Australia commenced off northwestern Australia (Argo Abyssal Plain) during the Jurassic (ca 155 Ma) , and continued southwards to the Perth Basin in the mid-Cretaceous (ca 136 Ma) . Slow sea-floor spreading between Australia and Antarctica in the Late Cretaceous (ca 95 Ma) was followed by fast sea-floor spreading (ca 43 Ma) , and the final clearance of the two plates by the start of the Oligocene (ca 33.5 Ma). Sea-floor spreading in the south Tasman Sea, between eastern Australia and Lord Howe Rise and New Zealand, began in the Late Cretaceous (ca 80 Ma) propagating northwards to the Coral Sea in the Tertiary, where spreading stopped at about 52 Ma (Gaina et al. 1998) .
The Australian margin is also characterised by a series of offshore plateaus. In Western Australia these include the Scott Plateau, Roo Rise, Exmouth Plateau, Wallaby Plateau and Naturaliste Plateau. The southern and southeastern Australian margin includes the South Tasman Rise and East Tasman Plateau, respectively (Figure 1 ). These plateaus consist of isolated continental fragments, and/or anomalously thick oceanic crust that formed mainly by volcanism at either palaeo-spreading ridges or on young ocean crust (Gaina et al. 2003) . The Marion and Queensland Plateaus are wide marginal plateaus off northeastern Australia, and are mainly structurally controlled, and consist of shallow, pre-rift basement (Stagg et al. 1999) .
The Australian continental margin is a vast area with sparse seismic data coverage for all but a few areas of concentrated exploration. Satellite-derived gravity anomalies provide images of the marine gravity field (Sandwell & Smith 1997) , which have recently improved interpretations of offshore tectonic features such as fracture zones, extinct spreading ridges and spreading segments. Interpretation of magnetic anomaly lineations in ocean basins adjacent to a continental margin help to infer the location of the COB and the onset of sea-floor spreading. Potential field data (Figures 2, 3 ) may provide a first-order approximation for identifying the COB, yet it is becoming evident that these provide, at best, large-scale approximations for interpretation of the COB where there are complex crustal zones. 
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Figure 2 Gridded gravity image of onshore (Bouger anomaly) and offshore (Free-air anomaly) Australia (from Petkovic et al. 1999a, b; Murray & Petkovic 2001) showing the location of transect profiles 1-9 (Figures 4, 5) . Note the variable width of the offshore continental margin and interpreted COB (solid white line). et al. 2001) . Magnetic anomaly signatures may fit synthetic model or observed magnetic profiles, but may not represent 'true' oceanic crust. These ambiguous magnetic anomalies or lineations may occur from mixed body sources (e.g. volcanic material, or remagnetised mantle material emplaced in thinned continental crust, or anomalous oceanic crust formed during very slow spreading), which are not evident from the interpretation of potential field data alone. This has implications for how the COB is defined, particularly where there are limited data, as the COB is generally interpreted at the onset of 'true' oceanic crust. Magnetic anomaly and seismic-reflection methods record different physical properties of the crust and consequently result in a different COB definitions/locations. This highlights the potential and observed discrepancies between 'magnetically' and 'seismically' defined COBs, and the complexity of interpreting crust in the zone of continent-ocean transition (COT). Seismic-reflection data have the potential to provide images of key features around the COB such as intracrustal and Moho reflectors, faulted and thinned continental basement and oceanic basement; and other features such as volcanic wedges, underplating, or unroofed mantle. Recently, deep seismic-reflection data techniques have been able to better image these features, leading to increasingly detailed structural knowledge in areas that are relatively poorly known like the COT. It is often difficult to assess the transition from rifted continental basement to normal oceanic crust. A clear transition from continental to oceanic crust is relatively rare, the transition may be poorly exposed and there is often a high degree of vertical and horizontal variation over a small area due to compositional and structural changes. Wide-angle seismic reflection and seismic refraction are comparatively less common techniques, but they provide extremely useful velocity-depth models for large-scale margin features (e.g. North West Shelf: Goncharov et al. 2000; Otway Basin: Finlayson et al. 1998) . Where there are highly variable and discontinuous layers over relatively small distances, the layer models are more difficult to apply, and questions remain about what the velocity-layer solutions represent geologically. Velocity and interval-velocity values are generally not well known for rocks underlying the sediment cover in the COT zone (Keen & de Voogd 1988 , Eittreim 1994 and velocity data are still relatively coarsely defined for different crustal rocks (Reid 1994) . Drilling a continental margin and adjacent oceanic crust offers a rare opportunity to ground-truth interpretations based on remotely sensed data (e.g. ODP Figure 3 Gridded magnetic image of onshore and offshore Australia (from Petkovic et al. 1999a, b; Petkovic & Milligan 2002) showing the location of transect profiles 1-9 (Figures 4, 5 ). There is no clear relationship between the magnetic grid and interpreted COB location (solid white line) at this scale. 
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CONTINENTAL-MARGIN EVOLUTION AND CLASSIFICATION
Improved data coverage worldwide has led to a refined classification of passive continental margins (Eldholm et al. 1995) . Variations in passive-margin evolution can be shown by the different end-member attributes such as narrow or wide margins (morphology), extensional or sheared (kinematics and structure), volcanic or non-volcanic (magmatism), and symmetric pure-shear or asymmetric simpleshear (continental detachment). These attributes are linked to pre-existing geology, the thermal evolution and structure of the lithosphere, and rift and breakup kinematics. The broad-scale margin attributes of the southeastern, southern and western Australian margin segments form part of the framework to assess the nature and relationship of the COB in the context of margin evolution and classification.
Narrow versus wide passive continental margins
Narrow and wide margins are two distinct endmembers of passive margin morphology. Narrow margins have a total margin width of less than 100 km (e.g. southeastern Australian margin: Figure 2) ; they typically include a large fault throw near the shelf edge and a sharp transition zone (~10-20 km wide) from average continental crust thickness to highly thinned continental and oceanic crust (Davison 1997) . Wide margins are characterised by a broad continental shelf and a wide zone (up to 600 km) of thinned crust, and a lower angle shelf and slope (e.g. 
Extensional versus sheared passive continental margins
Extensional passive continental margins are usually characterised by broad zones (~100-200 km) of thinned crust close to the COB, in particular at non-volcanic margins (e.g. southern Australian margin, Newfoundland margin). Sheared passive continental margins (e.g. Exmouth Basin, Otway/Sorell Basin, Ghana margin) differ from rifted passive margins in structural style, and thermal evolution during continental breakup (Scrutton 1982; Clift & Lorenzo 1999; Sage et al. 2000) . Many sheared margins exhibit relatively high continental shelves, deep sedimentary basins and a narrow (<40 km) COT zone, where the majority of crustal thinning is focused, close to the COB.
Volcanic and non-volcanic passive continental margins
Classic volcanic and non-volcanic rifted margins can be considered end-members of a spectrum of rifted margin types (Eldholm et al. 1995) . Volcanic margins (e.g. northwestern Australia, northeast Atlantic) typically have stratified igneous crust. Their characteristics and variations are described in detail in the literature (Mutter et al. 1988; Eldhom et al. 1995 Eldhom et al. , 2000 Symonds et al. 1998; . Volcanic wedges (~50-150 km wide, up to 20km thick) are usually found on the outer continental margin near the COB. Drilling has revealed numerous subaerial basalt flows and thin interbedded sediments, associated with breakup-related magmatism. They are imaged as seaward-dipping reflectors, often with high P-wave velocities in the lower crust (Vp >7km/s). The seaward extent of the seaward-dipping reflectors is considered the transition to normal oceanic crust, which may coexist with the oldest sea-floor spreading magnetic anomalies (Mutter et al. 1988) . Most volcanic-margin models suggest a protracted period of rift development prior to continental separation, significant crustal thinning near the COB, and a main pulse of igneous activity around the time of breakup.
Non-volcanic margins have been identified off western Iberia (Scrutton 1982; Whitmarsh et al. 1996 ), Newfoundland (Keen et al. 1989 Reid 1994) , and southern Australia (Sayers et al. 2001 ). Non-volcanic or magma-poor margins are characterised by a continental slope and rise underlain by highly thinned continental crust. They are typically wide margins that include rotated basement blocks and listric faults in crust that thins progressively towards the COB (Whitmarsh et al. 2001) . The large amounts of thinning are often associated with long periods of stretching prior to separation. There is little subsequent mantle melting and extrusive activity due to asthenospheric conductive cooling, but there may be a narrow zone (<30 km from the COB) of underplating from pluton emplacement, or synextensional magmatism, less than two million years prior to the end of rifting (Mutter et al. 1988 , Harry & Bowling 1999 . Oceanic material dipping landwards towards the rifted continental crust has been observed as a landwarddipping reflector from seismic data off the Iberian and Newfoundland margins (Keen & de Voogd 1988; Reid 1994; Whitmarsh et al. 1996) .
Peridotite at magma-poor passive continental margins
Margin-parallel, serpentinised peridotite ridge structures have been identified or interpreted between a zone of highly thinned continental crust and the COB off the Newfoundland, Iberian and southern Australian non-volcanic margins (Reid 1994; Whitmarsh et al. 1996; Sayers et al. 2001) . Thinner than normal oceanic crust (2.5-3.5 km) has been observed near the COB off the Galicia and Newfoundland margins (Whitmarsh et al. 1996 (Whitmarsh et al. , 2001 . There are several models that incorporate the formation of peridotite at magma-poor margins. They include: long phases of extension along low-angle faulting during periods of reduced/low magma supply (White 1992), slow sea-floor spreading (Mutter et al. 1988; Whitmarsh et al. 1996; Sleep & Barth 1997; Canales et al. 2000; Srivastava et al. 2000) , lower crustal and mantle unroofing (Brun & Beslier 1996) , and serpentinisation of peridotite (Reid 1994; Bonatti 1994; Skelton & Valley 2000) . A high-velocity prism, observed at several outer margins, typically includes thin crust (<2 km thick), overlying mantle velocities that increase from < 7.6 km/s to >8 km/s over a 5-7 km depth interval, which are interpreted as serpentinised mantle material (Reid 
Figure 5
Transect profiles 5-9 from the southern, southeastern and eastern Australian margin with regional magnetic and gravity anomaly profiles, showing the approximate boundary between continental and oceanic crust (modified from Stagg et al. 1999) . No potential field data were available for Profile 5. Note anomaly 34y is landward of the interpreted COB in profiles 6 and 8.
See Figure 2 for location.
1994). ODP drilling (Legs 149 and 173) off the Iberian margin confirmed the existence of a peridotite ridge adjacent to the COB (Whitmarsh et al. 1996; . However, an ODP transect of basement cores has shown there is more petrological/compositional variation across the COT than just serpentinised peridotite, predicted by seismic-velocity interpretation and other geophysical data.
Models of continental detachment
Various models of lithospheric extension and detachment have been put forward based on variations in extensional style, crustal thickness and thermal regimes observed at continental rifts and passive margins. There are three main, conventional kinematic extensional models, which include the 'finite uniform extension model' (Jarvis & McKenzie 1980) , 'depth dependent model ' (Royden & Keen 1980) and 'simple-shear extension model' (Wernicke 1985) . These models have translated into several models of continental detachment. All mechanical, numerical and analogue models are dependent on the relative strength, thickness and number of brittle and ductile layers. Recent work by Maggi et al. (2000) suggested that the frequently used lithosphere yield strength envelope of weak lower crust between upper crust and mantle may not explain their observations. They proposed crust of varying strength underlain by relatively weak continental mantle as a betterfit model. In Wernicke's (1985) simple-shear model, faulting occurs along a detachment surface that extends through the entire lithosphere. Lister et al. (1991) followed this model to explain fault asymmetry resulting from differential stretching in upper and lower lithosphere that forms an upper/lower plate detachment between conjugate margins. This style of extension and detachment has been applied to the southern and southeastern Australian margins and the Queensland Plateau (Lister et al. 1991) . The narrow margin morphology and asymmetry of sea-floor spreading in the Tasman rift have led Lister et al. (1991) to interpret the conjugate southeastern Australian margin and Lord Howe Rise as an underplated upper plate margin and submerged lower plate margin, respectively. However, the location of the Figure 6 Reconstruction for 53 Ma (isochron 24, purple line) using present-day gravity anomaly grid (Sandwell & Smith 1997) , showing the symmetry of the conjugate central-southern Australian margin and Antarctica. Note at around 61 Ma, there was a change in absolute plate motion in the Pacific Plate, and a change from NW-SE to N-S motion between Australia and Antarctica.
lower plate footwall detachment zone in the Lord Howe Rise has not been identified. Jongsma and Mutter (1978) suggested that the entire rift valley remained attached to the Lord Howe Rise, with non-axial breaching along a western boundary fault. A magmatic breakup model from a well-studied present-day example in the Afar rift (Ebinger & Casey 2001) proposes along-axis magmatic segmentation, related to strain distribution (faulting and dyking) and a Palaeogene mantle plume (higher than normal asthenosphere temperature). The asymmetry between the Lord Howe Rise and eastern Australia and the volume of volcanic material located mainly at the conjugate Lord Howe Rise margin COB (Stagg et al. 1999) indicate that breakup may have occurred along a magmatic rift segment, rather than along existing detachments in the rifted crust.
Observations of large-scale homogeneous extension and symmetrical detachment have led to pure-shear lithospheric models. Brun and Beslier (1996) demonstrated this with analogue models, where relative movement between upper crustal layers is accommodated by layer-parallel shear in lower ductile layers; with increased stretching this becomes a décollement between upper crust and mantle, resulting in mantle exhumation. The pure-shear model by Brun and Beslier (1996) from the Iberian margin has been proposed as an analogue for the Tyrrhenian Sea, and the southwestern Australian passive margin, as an alternative to the upper (Antarctic) and lower plate (Australian) simple-shear detachment model by Lister et al. (1991) . The mirror-image symmetry of margin geometry, as observed with satellite gravity anomalies, and the similarity of conjugate margin-parallel gravity, magnetic and bathymetry profiles (Talwani et al. 1979 ) between Australia and Antarctica indicate large-scale pure-shear extension, rather than simple shear (Figure 6 ). Observations from seismic-reflection data and from refraction crustal-thickness data, and estimates of lithospheric beta factors ( Figure 7) show a wide (~300 km) stretch of margin in the Great Australian Bight, which is nearly uniformly thinned, lacking any substantial crustal thinning gradient towards the COB. This observation further supports a pure-shear model.
Various large-scale detachment models have been proposed for the North West Shelf (Gartrell 2000), including both west-dipping (Etheridge & O'Brien 1994) and east-dipping (Driscoll & Karner 1998) detachments under the Exmouth Plateau. However, the conjugate margin of Greater India no longer exists to check such models. The structural variability at the Cuvier margin (Figure 8 ) may be the result of differential stretching prior to continental breakup. It has been suggested that breakup may not have occurred in the centre of the initial rift valley (Veevers et al. 1985a, b) .
AUSTRALIAN CONTINENT-OCEAN BOUNDARY
Key seismic transects with magnetic and gravity anomaly profiles provide a basis to illustrate the nature of the COB at different margin segments (Figures 4, 5) . They also highlight several areas around the Australian margin that have quite complex COBs. An increasing number of margin studies and observations (e.g. Gippsland margin, Bight margin, Cuvier-Wallaby segment) indicate that the interpretation of the COB from potential-field data is less certain when made without seismic-reflection profiles, particularly in areas with mixed crustal bodies. Consequently, further data may elucidate similarly complex areas where the COB can be called into question, near the Naturaliste Plateau and East Tasman Rise.
Western Australian Continent-Ocean Boundary
The western Australian margin can be divided into four main segments: Argo, Gascoyne, Cuvier and Perth ( Figure  1 ). The margin includes wide to intermediate segments (Figures 2, 4 profiles 1 & 3) , and narrow to intermediate width segments (Figure 4 profile 4) . The Western Australian margin is not a simple rifted margin but rather is a combination of rifted segments linked by transform segments (Mihut 1997) . It is influenced by breakup along a pre-existing northwest-trending structural grain and several ridge propagation events. The northern Exmouth Plateau is interpreted as a transform margin that separated Northern Greater India from Middle Greater India (Mihut 1997; Clift & Lorenzo 1999) .
The COB in the Argo segment follows a staircase-shaped gravity anomaly trough (Mihut 1997 ). An age of ca 155 Ma (~M27) represents the extrapolated age for the oldest oceanic crust in the central part of the Argo Abyssal Plain. At the Gascoyne margin (Figure 4 profile 3) , a positive magnetic anomaly, considered previously as resulting from the COB (Veevers et al. 1985b) , was interpreted by Fullerton et al. (1989) as anomaly M10 (ca 130 Ma) and the small positive amplitude anomalies further landward were interpreted as having been generated by small dykes. An age of ca 136 Ma (~M14) for the oldest oceanic crust in the southern part of the Cuvier Abyssal Plain was suggested by Mihut and Müller (1998) , although more recent deep seismic-reflection data suggest that magnetic anomalies landward of M10 may be due to intrusions in highly extended continental crust . Therefore, anomaly M10 represents the oldest oceanic crust in the Gascoyne, Cuvier and Perth Abyssal Plains (Fullerton et al. 1989) . The margin transects (Figure 4 profiles1-3) all show strong oceanic Moho reflectors, and the COB is placed just landwards of this.
CUVIER-WALLABY MARGIN
The Cuvier-Wallaby margin is a broad oceanic plateau off the Cuvier margin. The two main hypotheses for the formation of the Wallaby Plateau are that it may be thicker due to either excess volcanism, or a sliver of continental crust stranded by a ridge jump, covered by some intrusions. Initial evidence for the Wallaby Plateau being a volcanic construct includes magnetic lineations M11-M14, which were identified on the eastern part of the Wallaby Plateau (Figure 8 ) (Mihut & Müller 1998) . A dredge sample from the plateau yielded a weathered tholeitic basalt (von Stackelberg et al. 1980) , supporting the interpretation that the plateau was an igneous structure. New seismic-reflection data across both the Wallaby and Scott Plateaus suggests that they are composite features of extended continental blocks covered and modified by extensive rift and post-rift volcanism . The Kerguelen Plateau is another example of what was once thought to be an oceanic plateau. Here recent drilling indicates that a portion of its southern part (Elan Bank) is continental in origin (ODP 183: Frey et al. 2000; Nicolaysen et al. 2001) . Large areas of the Wallaby Plateau do not have the seismic character typical of a large igneous province volcanic basement, and it probably is a 'microcontinent' in origin. It most likely formed as part of volcanic margins by ridge-hotspot interaction, resulting in the 'jump' or propagation of a mid-ocean ridge onto a young continental mar- gin, which overlies a hotspot . The Wallaby Plateau-Zenith Seamount trend is interpreted as a plume trail in the proposed mantle-plume hypothesis.
Southern Australian Continent-Ocean Boundary
The southern Australian margin includes a series of Mesozoic basins which divide the margin into segments from west to east, including: the Bremer Basin, Bight Basin, Duntroon Basin, Otway Basin and Sorell Basin. The southern margin COB is broadly arcuate in shape (Figure 2) . Southeast of Duntroon Basin, a major step-like offset (transfer fault or accommodation zone) can be observed in gravity (Figure 2 ), magnetic and seismic data. The offset corresponds to an increase in fracture zone density to the east, and there is an offset to the magnetic quiet zone around 132º (Koenig & Talwani 1977) . A seaward shift of the COB around this offset can be observed between consecutive seismic-reflection lines from the Bight Basin to the Duntroon Basin and Otway Basin (Beachport Sub-basin), and the COT zone appears to truncate near the George V Fracture Zone offset. The oldest identified sea-floor spreading anomalies (Figure 1 There is relatively limited seismic-reflection data coverage and resolution in some areas of the southern margin to underpin assessment of the nature of the COB. Widely spaced seismic-reflection lines in the Bremer and Duntroon Basins extend into outer rift basins with sediment thicknesses of up to 2 s TWT. The seismic lines often do not extend far enough into ocean crust to fully image the COB or oceanic crust, and COB is extrapolated from the Great Australian Bight based mainly on satellite gravity.
The Bremer Basin segment overlies Archaean basement and was influenced by tectonic events that occurred along the western Australian margin, in the Perth Basin, as well as southern margin rifting (Willcox 1990) . Two seismic lines extend from the Albany Sub-basin as far as a COT zone, which exhibits features similar to those identified in the Bight Basin by Sayers et al. (2001) , and to the cusp of the incipient oceanic crust which would mark the COB. Veever's (1986) interpretation placed the COB at a basement high (Figure 5 profile 5). Stagg and Willcox (1992) suggested it may be a core complex/serpentinite ridge, which implies the COB would be located seawards of the ridge.
The Bight margin (including Eyre, Ceduna, Recherche Sub-basins) is a large rift segment characterised by an extremely wide zone of highly stretched crust, a product of symmetrical extension between Australia and Antarctica. There is a wide continental shelf and several large depocentres with sediment accumulations of up to 5 km in the Ceduna Sub-basin (Totterdell et al. 2000) (Figure 5 profile 6). Recent interpretation has placed the COB between anomaly 34 and anomaly 33 (Sayers et al. 2001) . This margin segment is discussed in more detail below.
The Otway Basin is a triangular-shaped area that overlies thinned, faulted continental basement (Delamerian and Lachlan Orogens) that extends at least 60 km from the shoreline. Several Geoscience Australia regional seismic profiles provide images of the basin and help identify the COB (Blevin et al. 1995; Moore et al. 2000) . The profiles show a marginal rift basin, with volcanic structures with internal chaotic reflectors before the COB, followed by shallow oceanic basement reflectors characterised by a density impedance contrast (Figure 5 profile 7) . The Otway Basin COB is interpreted to be at a prominent topographic inflection point at the bottom of the continental slope in about 4800 m of water (Finlayson et al. 1998) .
BIGHT MARGIN
There have always been a number of unresolved questions regarding the early development of the Bight Basin/Great Australian Bight margin segment, in particular about the identification of continental and oceanic crust, the location of the COB and the first sea-floor spreading magnetic anomalies (Talwani et al. 1979; Mutter et al. 1988; Veevers 1986) . A recent Geoscience Australia deep seismic-reflection and sonobuoy survey (Sayers et al. 2001 ) has focused on the COT zone of the Great Australian Bight. This study has highlighted that there are several anomalous and often poorly understood continental and oceanic crustal features including: a wide zone of highly stretched continental crust; a zone of what appears to be hybrid 'transitional' crust including a peridotite ridge structure; ambiguous magnetic anomaly lineations; and a zone of anomalous rough basement topography of equivocal crustal origin (Diamantina Zone). This keeps the debate open on the location of the COB and related models of extension and detachment, early oceanic-crust formation and the timing of breakup and seafloor spreading along the southern Australian margin.
Sea-floor spreading magnetic anomalies younger than chron 20 (ca 43 Ma) can be identified with reasonable confidence, but synthetic magnetic anomaly profiles based on the global geomagnetic-reversal time-scale (Cande & Kent 1995) do not provide an exceptionally good fit to the observed magnetic anomaly sequence for chrons 20-34. A reappraisal of earliest sea-floor spreading magnetic anomalies was made using magnetic data from the conjugate Australian and Antarctic margins, combined with satellite gravity data (Tikku & Cande 1999) . The oldest magnetic anomaly lineation attributed to sea-floor spreading has been identified along the southern margin as chron 34 (ca 83 Ma), in the Great Australian Bight, with the COB slightly landward, interpreted from satellite gravity data. The stage rotation pole and plate-reconstruction model from this interpretation (Tikku & Cande 1999 indicates an east to west rift propagation, which is opposite to the sedimentary record of marine inundation from west to east. The model also indicates slow to very slow initial spreading rates, possibly with a spreading hiatus, or deformation of early oceanic crust. These results led to the suggestion that magnetic anomalies older than chron 31 (ca 68 Ma) may not be representative of sea-floor spreading alone (Tikku & Cande 1999) . Sayers et al. (2001) have relocated the COB oceanwards of anomaly 34, placing it adjacent to anomaly 33o. The COB has been interpreted with seismic data, adjacent to a zone of transitional or hybrid crust (50-120 km wide), including a buried ridge structure characterised by upwarddipping reflectors. The ridge extends laterally in the Great Australian Bight, with observed seismic velocities indicating that it may be peridotite in composition, formed from unroofed mantle material as suggested by the Brun and Beslier (1996) quiet zone, followed by the quiet zone boundary anomaly, the zone of 'transitional' crust including the 'peridotite ridge' structure, magnetic anomaly 34y, the relocated COB, followed by magnetic anomaly 33o on incipient oceanic crust (see also Figure 5 profile 6). However, following Sayers et al.'s (2001) interpretation, the question remains of how a symmetrical, conjugate set of magnetic anomaly lineations (i.e. 34y) can form other than by sea-floor spreading on both the Antarctic and Australian margins. The observations by Tikku and Cande (1999) and Sayers et al. (2001) contrast two hypotheses: (i) lineated magnetic anomalies on continental/'transitional' crust; or (ii) lineated magnetic anomalies on anomalous oceanic crust. The latter suggests incipient slowly spreading oceanic material emplaced into a thick pile of mobile sediments, resulting in an anomalous 'hybrid' crustal character. The former suggests that two serpentinised linear ridges have been formed on the edges of the two separating continental plates, generating the observed magnetic anomalies. If both conjugate magnetic anomalies are due to the magnetisation of serpentinised peridotite ridge, the question arises why two such ridges would form in parallel at the same time within thinned continental crust.
The Bight margin provides evidence for unroofed mantle such as: structural analogues from the Iberian margin, a possible peridotite ridge structure with high velocities characteristic of peridotite, and mantle-derived dredge samples in the Diamantina Zone. The Diamantina Zone extends from the central Great Australian Bight to east of Broken Ridge. It is characterised by anomalously rough basement topography with little sedimentary cover until the Bight area, where thicker sediment buries these features. It is approximately 75-150 km wide: in the west it lies between a prominent bathymetric low to the south, adjacent to anomaly 20o (ca 44 Ma) and landwards to the quiet zone boundary anomaly (Munchy 1998; Chatin et al. 1998) . The nature and origin of crust in this zone is still a matter of debate. It is thought to have formed by very slow sea-floor spreading, during the early stages of separation between Antarctica and Australia (Cande & Mutter 1982; ; conversely, it also has been linked to the Kerguelen hot-spot (Munchy 1998). Petrological and geochemical analyses of dredges in the Diamantina Zone, mostly between 108 and 120ºE, indicate the presence of upper mantle ultramafic material such as lherzolite, serpentinite and peridotite (Nicholls et al. 1981 ). More recent sampling and studies suggest there is also evidence for continental fragments and alkaline volcanism (Chatin et al. 1998) . Many dredges and samples have not been dated. Recent Ar/Ar dating from magmatic intrusives in the Leeuwin Fracture Zone indicate emplacement around 84 Ma (Beslier et al. 2001) . The structure and mode of emplacement of oceanic crust in such extended terranes is still poorly understood (Stagg et al. 1999) . As in the case of the Iberian margin it will require drilling transects to elucidate the true nature of crust in the zone between the COT and COB along the Bight margin.
Eastern Australian Continent-Ocean Boundary
The eastern Australian margin includes four broad segments adjacent to the Tasman and Coral Seas that border the Gippsland, Sydney, Maryborough, and Townsville Basins. The southeastern COB follows a relatively uniform narrow continental shelf, roughly parallel to a gravity low, which extends from the Gippsland Basin to the Maryborough Basin (Figure 2) . The COB then continues west of the Cato Trough, along the wide southern Coral Sea margin, east and north of the Marion and Queensland Plateaus, respectively. There is relatively little seismic reflection or drill data (Stagg et al. 1999) to assess the margin's architecture or COB. Therefore the COB is interpreted mainly from satellite gravity and magnetic data (Gaina et al. 1998) .
The southeastern continental margin is narrow and exhibits characteristic 'narrow-margin' morphology such as a narrow shelf, large fault heave and steep slope. The margin typically consists of a thin (~500 m) and narrow (~30 km) sedimentary wedge containing Tertiary to Holocene clastic sediments (van Balen et al. 1995) . The Gippsland Basin is relatively wider and deeper and a better explored margin segment. Here, a shallow basement ridge with onlapping sediments marks the boundary between the extended continental crust and the Cretaceous (chron 33o: ca 79 Ma) oceanic crust (see magnetic anomaly profile: Figure 5 profile 8). The large magnetic high landward of anomaly 33o has been interpreted as anomaly 34y (Gaina et al. 1998 ), but it is probably influenced by volcanic flows of the Strzelecki Group, which have been interpreted to onlap the broad basement ridge (Stagg et al. 1999) . This highlights the difference between locating the COB by magnetic and seismic methods.
RESULTS AND DISCUSSION
Many questions have been raised about the thermal and mechanical development of passive margins based on the effects of plate-boundary interactions, lithospheric processes and mantle activity, in addition to continental thinning. In particular, there are often discrepancies between observations and model predictions for both synrift and post-rift subsidence at passive margins. Also, the distribution of volcanic (e.g. Browse, Scott, Carnarvon and Exmouth Basins) and non-volcanic (e.g. Bonaparte, Roebuck, Perth Basins) segments along the Western Australian continental margin and lack of significant igneous activity in highly thinned crust near the COB along the Bight margin, leads to several questions about the distribution of magmatism around the Australian continental margin. We use well data from the Timor, Browse and Roebuck Basins (Figure 9 ) and the Bight, Duntroon and Otway/Sorell Basins (Figure 10 ) to assess rift-related magmatism and anomalous post-rift tectonic subsidence. Water-loaded tectonic basement subsidence and strain rates are calculated through time based on White's (1993 White's ( , 1994 one-dimensional strain-rate inverse-modeling approach. In addition, the spreading rates of the oldest ocean crust around Australia ( Figure 11) give an independent estimate of strain rate around breakup, assuming that the speed of extension during the final rift phase is similar to early sea-floor spreading after breakup, which is reasonable in most cases. ␤-factors derived from well data are combined with some crustal-thickness data to look at the Table 1 ).
Active versus passive thinning
Wells from the North West Shelf typically show a pattern in which post-rift thermal subsidence is punctuated by renewed, permanent subsidence in the order of several hundred metres. The timing of these events does not appear to be synchronous, and the time delay after breakup at ca 130 Ma ranges from 20-30 to 60 million years. Elastic plate flexure from intraplate stress has been suggested as a possible explanation for these reactivation events. However, we would expect the timing to be in-phase in this case, and subsidence should not be permanent, given that rebound should occur after major changes in the forces applied to the plate. Recently, an alternative method has been suggested to account for anomalous subsidence/uplift in the early post-rift phase (van Wijk et al. 2001) . According to their model, passive rifting may lead to lithospheric instabilities that can trigger small-scale convection and active rifting after initial passive rifting has ceased. This may result in lower crustal flow towards the rift flanks and middle crustal flow towards the rift centre, causing simultaneous subsidence and uplift in adjacent areas. It is conceivable that this mechanism may be responsible for the anomalous subsidence response and increased strain rates seen in the time interval between 110 and 80 Ma in several wells on the North West Shelf (Figure 9 ). Later anomalous subsidence as observed between 60 and 40 Ma and after 25 Ma ( Figure 9 ) is more probably caused by elastic buckling due to changing plate-boundary forces through time, as discussed by Müller et al. (2000) .
Subsidence and strain-rate models derived from well data from the Bight, Duntroon and Otway/Sorell Basins ( Figure 10 ) reveal two rift phases, one from about 150 to 130 Ma followed by another event from about 120 to 100 Ma. However, not all wells sample both rift events. Strain rates suggest that breakup occurred between 100 and 95 Ma, in accord with previously published models based on extrapolations from magnetic anomaly 34 (83 Ma) (Cande & Mutter 1982; Veevers & Eittreim 1988; Veevers et al. 1990) . Wells in the Otway Basin also show a rift phase from 100 to about 80-75 Ma (Minerva 1, Morum 1, Ericthered 1, Whelk 1), as breakup in this area occurred about 20 million years later compared to the Great Australian Bight. Many Bight, Duntroon and Otway Basin wells also show a phase of accelerated subsidence during Miocene to Holocene times, at least 60 million years after rifting ceased (Brown et al. 2001) . This is also probably be related to an elastic plate response/flexure, associated with in situ stress from Pacific-Australian plate-boundary forces, observed onshore in southeastern Australian as Late Miocene active deformation and seismic activity (see Sandiford 2003) .
Implications for magmatism
The western Australian margin includes alternating/interspersed volcanic and non-volcanic segments. Volcanic segments on the this margin are characterised by large oceanic plateaus and extensive margin volcanism, including intrusive sills, extrusive flood-basalt sequences, and magmatic underplating formed during multistage rifting and sea-floor spreading along the margin (von Rad & Exon 1983; Veevers et al. 1985a; Mutter et al. 1988; Colwell et al. 1994; Symonds et al. 1998) . Seismic data along the western Australian margin show a range of these styles of magmatism, including seaward-dipping reflector sequences near the COB, volcanics, intrusives, and high-velocity underplated bodies (Vp >7 km/s) (Colwell et al. 1994 , Mihut 1997 . In contrast, the Bonaparte, Roebuck and Perth Basins and the Australian southern margin are recognised as non-volcanic due to a lack of observed massive intrusives, syn-rift subaerial volcanics, or lower crustal underplating (Finlayson et al. 1998 , Sayers et al. 2001 . Rifting and thinning of continental lithosphere involves the upwelling of mantle material prior to the formation of oceanic crust, and onset of sea-floor spreading. The amount of passive upwelling, underplating, intrusive magmatism, or extrusive volcanism that occurs is linked to the degree of preexisting weakness in the continental lithosphere, the dynamics of the syn-rift lithosphere, the margin's tectonic and extensional history, and hot-spot activity (Dunbar & Sawyer 1989; White 1992) . The degree of magmatic activity at volcanic and non-volcanic margins, during and after breakup, is principally influenced by the amount of melt production. The main conditions for melt production include the potential temperature of the mantle, the degree of lithospheric thinning (␤), the thickness of the lithosphere prior to rifting, and the duration of rifting (Bown & White 1995a) .
The amount of melt production has been calculated from models assuming instantaneous lithospheric extension (McKenzie & Bickle 1988) and finite-duration extension (Bown & White 1995a, b) . The temporal relationship of continental thinning, mantle upwelling (decompression and partial melting) and cooling (conduction) is important for models where thinning is not instantaneous. As a result of conductive heat loss, the amount of melt generated with lithospheric thinning over a period of time will be less than if extension was instantaneous. Conductive heat loss of the asthenospheric mantle helps to explain why small volumes of igneous rock are produced in very thinned crust at nonvolcanic margins. For this reason, Bown and White (1995b) emphasised the importance of rift duration in their model of variation in melt production, and that multiple episodes of rifting pre-dating final rifting and breakup are not enough alone to produce high volumes of melt. Little melt is produced by continental extension above normal potential temperature mantle (1280-1300°C), even for highly thinned crust (assuming lithospheric thickness to be 125 km). For example, the model predicts less than 1 km final melt thickness at 1300°C, with rift duration of 15 million years and ␤ of 7, (Figure 12) ; by comparison, at 1500°C Figure 11 Sea-floor half-spreading rates around Australia (after Müller et al. 2000) . these parameters result in ~18 km final melt thickness. The model implies that very large ␤-factors for a single rift event are required to generate significant melt production at normal mantle temperatures.
The primary mechanism for creating anomalously hot mantle is mantle plumes. Alternative, non-plume models require shallow thermal anomalies and/or rapid upwelling of mantle through the melting zone in the absence of a deep-seated thermal anomaly. The accumulation of thick igneous material in non-plume models is thought to be generated by dynamic mantle upwelling during rifting, where the upwelling rate of the asthenosphere exceeds the rate of lithospheric extension (Holbrook & Kelemen 1993; Holbrook et al. 1994) . Alternatively, passive mantle upwelling from small-scale mantle convection may generate excess volcanism during the initiation of sea-floor spreading due to a large difference in the thermal gradient between the thick, unstretched, and cold continental lithosphere and hot asthenosphere in a continental rift (Mutter et al. 1988) . The small-scale convection model is also invoked using the focusing of strain along a boundary between thick and thin lithosphere (King & Anderson 1995) . Such thermal anomalies are dissipated rapidly by sea-floor spreading, and recent modelling indicates smallscale convection probably does not contribute significantly to voluminous igneous crust formation Ghods & Arkani-Hamed 2002) . There have been arguments for both plume and non-plume models to explain the variation in magmatic features along the western Australian margin; for example, the relationship between volcanic rifted margin formation and mantle plume interaction (White & McKenzie 1989; Mihut & Müller 1998), compared to the non-plume models (Mutter et al. 1988; Symonds et al. 1988) .
If the observed volcanics along the northwestern Australian margin were caused by small-scale convection, then we would expect a correlation between strain-rate, total beta factor and the occurrence or absence of volcanics. Stretching factors are small for both total beta and the final identified passive rift phase (␤ <1.3) on the largely volcanic North West Shelf and the inner Bight margin (Figures 9, 10) . Estimates from seismic-reflection data and from refraction crustal-thickness data are larger (␤ 3-4) for the wide outer Bight margin (Figure 7 ), but support relatively small beta factors on the North West Shelf. There is no evidence for higher strain rates and larger beta factors on volcanic margin segments. The amount of total and/or final phase extension recorded in basins along the western and southern Australian margins does not predict large amounts of melt production, which appears to be relatively insensitive to strain rate variation over time (Bown & White 1995a) . This indicates that elevated mantle temperatures are the primary control for rift-volcanism on the North West Shelf, rather than high temperature gradients associated with rapid and/or large amounts of stretching.
Given the known/estimated ␤ ranges and the duration of the last rift phase the entire western/northwestern Australian margin should be non-volcanic, based on the model for melt production at normal mantle potential temperature (Table 1) . When looking at the relationship between average rift duration and average individual ␤ for the final rift event at non-volcanic margins (e.g. Bonaparte and Bight Basins), the model predicts no melt production, even if beta were as high as 7 for a single rift event. The Figure 12 Model estimates for melt production (km) with amount of lithospheric extension (␤) and rift duration, assuming initial continental lithosphere thickness of 125 km (from Bown & White 1995a) . The melt thickness predicted with underlying asthenospheric mantle potential temperature (a) 1300°C (normal mantle potential temperature) and (b) 1400°C. At 1300°C either no melt or only small melt volumes (~<4 km) are predicted, in contrast to 1400°C where there is a substantial increase in estimated melt volumes. Circles show a range of ␤ estimates and rift duration for the volcanic (grey) Browse Basin, and non-volcanic (black) Bonaparte, Roebuck, Bight and Otway Basins.
non-volcanic nature of the Bonaparte and Bight Basins is in agreement with Bown and White's (1995a) model for melt production at normal mantle potential temperature. The Bight margin may have even formed above cooler than normal mantle as its central area formed over a major mantledownwelling/cold-spot (Gurnis et al. 1998) . This suggests that only higher than normal mantle temperatures, caused by mantle plumes, would result in melt production to produce the substantial amount of volcanism observed at volcanic margins. The Wallaby-Zenith chain of submarine plateaus has been interpreted as a hot-spot trail linking to a volcanic margin segment, i.e. the Bernier Platform south of the Exmouth Sub-basin (Mihut & Müller 1998) . However, no presently active hot-spot tracks back to this margin segment, or to the North West Shelf. If elevated mantle temperatures due to mantle plumes were responsible for syn-rift volcanism along the western and northwestern Australian margin, then these plumes have become inactive. A recent compilation of geometries and ages of hot-spot tracks in the Pacific Ocean (Clouard & Bonneville 2001) suggests that short-lived (<35 million years) hot-spot tracks are the norm, and long-lived hot-spot tracks an exception. Therefore, our inability to find presently active hot-spots tracking back to all volcanic margins does not necessarily preclude their existence at the time of margin formation.
In summary, Bown and White's (1995a) model and our observations (Table 1) 
CONCLUSIONS
By combining new and old seismic, gravity and magnetic data, strain-rate inversion of wells, and some insights from recent models for continental margin development, we suggest the following.
(1) A comparison of common geophysical techniques used to locate the COB illustrates the differences between a COB identified with magnetic anomaly and seismic reflection data, particularly in areas with mixed body sources such as the Wallaby Plateau/Bernier Platform and COT zone of the Bight margin.
(2) Understanding margin structure and processes is important for locating the COB, particularly at volcanic/non-volcanic margin segments. There is no obvious relationship between strain rates and ␤-factors and the absence or occurrence of margin volcanics; the primary control for large volumes of magmatism produced at continental margins appears to be an elevated mantle temperature, and this probably requires the presence of a mantle plume during rifting.
(3) Anomalous subsidence on the North West Shelf 20-30 million years after breakup may be related to a phase of active rifting, triggered by lithospheric instabilities caused by the initial passive rifting,
